All relevant data are within the paper.

Introduction {#sec001}
============

The mosquito *Aedes aegypti* is the main vector of dengue, chikungunya, and yellow fever viruses. Vaccine is only available for yellow fever, and dengue can assume potentially lethal forms. About 2.3 million cases of dengue were reported in the Americas in 2013, and thus, dengue was ranked among the most important viruses transmitted by arthropods \[[@pone.0126612.ref001]\], \[[@pone.0126612.ref002]\]. Prophylactic methods mainly focus on the control of vector population with insecticides, improvement of sanitation, and strengthening community efforts in order to eliminate breeding sites \[[@pone.0126612.ref003]\].

Currently, chemical control of *A*. *aegypti* has faced a number of difficulties such as environmental persistence and unselective toxicity of the commonly used insecticides; further, the emergence of resistant populations has been reported \[[@pone.0126612.ref004]\], \[[@pone.0126612.ref005]\], \[[@pone.0126612.ref006]\], \[[@pone.0126612.ref007]\], \[[@pone.0126612.ref008]\]. A reasonable alternative is to search for natural insecticides for the control of mosquito populations since they are usually highly biodegradable, and the availability of more alternatives broadens the range for regular interchange and alternation of insecticides, minimizing resistance development \[[@pone.0126612.ref009]\], \[[@pone.0126612.ref010]\].

Plants produce many defensive compounds, which have been widely evaluated as insecticides. Plant extracts and essential oils contain several types of secondary metabolites that exert deleterious effects on insects. Proteins such as protease inhibitors and lectins have been also reported to act as insecticidal agents. In addition to causing insect mortality at all life stages, plant-derived insecticides may also disrupt metamorphosis, promote morphological alterations, and exert irritant and repellent effects \[[@pone.0126612.ref011]\], \[[@pone.0126612.ref012]\], \[[@pone.0126612.ref013]\], \[[@pone.0126612.ref014]\], \[[@pone.0126612.ref015]\], \[[@pone.0126612.ref016]\].

Many plant insecticides primarily target the midgut of the mosquito larvae, and some are able to interfere with the larval development into adult stage, even at sub-lethal concentrations \[[@pone.0126612.ref017]\]. The metamorphosis of *A*. *aegypti* larvae comprises comprehensive transformations of the insect body, including a remodeling of the midgut, where larval digestive cells are completely replaced \[[@pone.0126612.ref018]\], \[[@pone.0126612.ref019]\], \[[@pone.0126612.ref020]\]. In this sense, deleterious effects of plant compounds on the midgut may interfere with larval development.

*Schinus terebinthifolius* Raddi (Brazilian pepper tree) is a plant from the Anacardiaceae family native to Central and South America, and found in Brazil from the northeast to the south, in plant communities such as the Atlantic Forest and the Cerrado \[[@pone.0126612.ref021]\]. It is a source of many bioactive compounds, and its leaves are popularly used in remedies for healing ulcers and wounds, combating oral candidiasis in children, and for producing infusions considered to have anti-rheumatic properties \[[@pone.0126612.ref022]\], \[[@pone.0126612.ref023]\]. Some of the compounds from *S*. *terebinthifolius* leaves with proven biological activities are terpenes that induce melanoma apoptosis and protect against metastasis \[[@pone.0126612.ref024]\], \[[@pone.0126612.ref025]\], essential oil that inhibits mitosis in lettuce and onion \[[@pone.0126612.ref026]\], aromatic compounds with the ability to treat allergies \[[@pone.0126612.ref027]\], and a lectin (called *S*. *terebinthifolius* leaf lectin, SteLL) with antimicrobial properties \[[@pone.0126612.ref028]\]. Larvicidal activity against *A*. *aegypti* has been detected in a dichloromethane extract from *S*. *terebinthifolius* leaves and an essential oil extracted from its fruit \[[@pone.0126612.ref029]\], \[[@pone.0126612.ref030]\].

This study shows the effects of a saline extract from *S*. *terebinthifolius* leaves on the survival, development, and midgut of *A*. *aegypti* fourth instar larvae (L~4~). The extract was also evaluated for phytochemical composition and toxicity to *Artemia salina*. Solid phase extraction of the main secondary metabolites detected in the extract separated them into three fractions. In addition, the lectin SteLL was isolated from the extract. The fractions and the lectin were then evaluated for deleterious effects on larvae.

Materials and Methods {#sec002}
=====================

Plant material {#sec003}
--------------

The leaves of *S*. *terebinthifolius* were collected in the campus of the *Universidade Federal de Pernambuco* at Recife, Brazil, and left to dry at 28°C during 3--4 days. Next, the leaves were powdered using a blender and stored at -20°C. A voucher specimen is archived under number 73,431 at the herbarium from the *Instituto Agronômico de Pernambuco* (IPA), Recife, Brazil. Plant collection was performed with authorization (number 36301--2) of the *Instituto Chico Mendes de Conservação da Biodiversidade* (ICMBio) from the Brazilian Ministry of Environment.

*Aedes aegypti* larvae {#sec004}
----------------------

Larvae were reared in insectaries from the *Laboratório de Ecologia Química* (LEQ) of the *Universidade Federal de Pernambuco* and from the *Departamento de Biologia Geral* (DBG) of the *Universidade Federal de Viçosa*. The colonies belong to the Rockefeller (LEQ) and PPCampos (DBG) strains, respectively. Rockefeller and PPCampos larvae were hatched in dechlorinated water containing cat food (Whiskas) and the colonies were reared at a 26 ± 1°C, relative humidity 75 ± 10%, and photoperiod 12L:12D. The larvae were collected for use in the bioassays when they reached the early fourth instar (L~4~) stage.

*Schinus terebinthifolius* leaf extract {#sec005}
---------------------------------------

The extract preparation was started by homogenizing 10 g of leaf powder with 100 mL of 0.15 M NaCl during 16 h at 28°C, using a magnetic stirrer. Next, the suspension was filtered through filter paper and centrifuged (3,000 *g*, 15 min) and dialyzed (4 h) against distilled water. The dialyzed supernatant, corresponding to the leaf extract, was then lyophilized to dryness for 24 h using a freeze-dryer (LIOTOP L101, Liobras, São Carlos, Brazil) at a temperature of -45°C and a vacuum of 300 μmHg below atmospheric pressure. After lyophilization, the leaf extract was ressuspended in 0.15 M NaCl to a concentration of 2.7% (dry weight/volume).

Phytochemical analysis, hemagglutinating activity and evaluation of microorganism presence in leaf extract {#sec006}
----------------------------------------------------------------------------------------------------------

The phytochemical screening of the extract was performed by thin-layer chromatography (TLC) on silica plates (60F254, aluminum backed, 200 μm layer thickness, 8.0 x 5.0 cm, Merck, Darmstadt, Germany). The presence of alkaloids, triterpenes, steroids, cinnamic acid derivatives, heterosid and aglycone flavonoids, hydrolysable tannins, and proanthocyanidins were investigated using the adequate development systems and revealers listed in [Table 1](#pone.0126612.t001){ref-type="table"} \[[@pone.0126612.ref031]\], \[[@pone.0126612.ref032]\], \[[@pone.0126612.ref033]\]. After development, the plates were air dried and sprayed with the revealers in a fume hood.

10.1371/journal.pone.0126612.t001

###### Development systems and revealers used for analysis by thin-layer chromatography of secondary metabolites in *S*. *terebinthifolius* leaf extract.

![](pone.0126612.t001){#pone.0126612.t001g}

  Secondary metabolites                   Development system                             Revealer
  --------------------------------------- ---------------------------------------------- ------------------------------
  **Alkaloids**                           EtOAc/HCOOH/AcOH/H~2~O (100:11:11:26 v/v)      Dragendoff's reagent
  **Triterpenes and steroids**            EtOAc/HCOOH/AcOH/H~2~O (100:0.5:0.5:0.5 v/v)   Lieberman-Burchard's reagent
  **Aglycone and flavonoid heterosids**   EtOAc/HCOOH/AcOH/H~2~O (100:11:11:27 v/v)      Neu's reagent
  **Proanthocyanidins**                   EtOAc/HCOOH/AcOH/H~2~O (100:11:11:26 v/v)      Vanilin-chloridric acid
  **Cinnamic acid derivatives**           EtOAc/HCOOH/AcOH/H~2~O (100:11:11:27 v/v)      Neu's reagent

The presence of lectin in leaf extract was investigated by determining the hemagglutinating activity in 96-well microtiter plates (TPP-Techno Plastic Products, Trasadingen, Switzerland). The assay was performed by a twofold serial dilution of extract (50 μL) in 0.15 M NaCl followed by addition to each well of 50 μL of a suspension (2.5% v/v) of glutaraldehyde-treated rabbit erythrocytes in 0.15 M NaCl. The plate was incubated at 27°C for 45 min. Hemagglutinating activity was quantified as the reciprocal value of the highest dilution of sample that promotes full agglutination of erythrocytes \[[@pone.0126612.ref034]\]. Specific activity was calculated by the ratio between the hemagglutinating activity and the protein concentration, which was determined according to Lowry, et al. \[[@pone.0126612.ref035]\].

In order to evaluate the presence of microorganisms in leaf extract, aliquots (100 μL) of the extract were smeared on petri dishes containing Mueller Hinton Agar, Sabouraud-Dextrose Agar or Potato-Dextrose Agar. Plates were incubated at 37°C for 24 h. After this period, the microbial growth was observed, and the number of colony forming units (CFU) was determined.

Effects of leaf extract on survival and development of *A*. *aegypti* larvae {#sec007}
----------------------------------------------------------------------------

First, bioassays were performed without addition of food (unfed larvae), according to the method described by Navarro, et al. \[[@pone.0126612.ref036]\] and following the instructions of the World Health Organization \[[@pone.0126612.ref037]\]. The leaf extract was diluted with distilled water in order to obtain test solutions in the concentration range 0.3--1.35% (w/v). In each assay, 20 early L~4~ larvae (Rockefeller strain) were placed into disposable plastic cups containing 20 mL of the test solution or 0.15 M NaCl (control). The assays were maintained at 26 ± 1°C, relative humidity 75 ± 10%, and photoperiod 12L:12D. Two independent experiments were performed in triplicate. The number of live and dead larvae, pupae, and adults was counted daily until the 8^th^ day.

Next, the bioassays were performed with food supplied to larvae (fed larvae). At the beginning of the incubation period, 0.05 g of cat food (Whiskas) was added per cup. The tested concentrations and laboratory conditions were the same described above.

Effects of leaf extract on the midgut of the larvae {#sec008}
---------------------------------------------------

### Bioassays and fixation of midguts {#sec009}

Leaf extract was diluted with distilled water in order to obtain a test solution at 1.0% (w/v). Next, 20 early L~4~ larvae (PPCampos strain) were transferred to plastic vessels containing 20 mL of the test solution or 0.15 M NaCl (control). Food was added (0.05 g) in each vessel. The assays were maintained at 26 ± 1°C, relative humidity 75 ± 10%, and photoperiod 12L:12D. After 12 h, the midguts of ten larvae from each treatment were dissected in a physiologic solution for insects (0.1 M NaCl, 20 mM KH~2~PO~4~, 20 mM Na~2~HPO~4~). Some larvae and midguts were observed using a stereomicroscope and photographed using a digital camera. The dissected midguts were fixed in formaldehyde and picric acid solution (Zamboni's solution), except those to be analyzed using a transmission electron microscope, which were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2) for 2 h. Midguts obtained from the control larvae were photographed and fixed in a similar manner.

To assess the occurrence of melanization in the midgut of treated larvae, 20 L4 were exposed to the extract at 1.0% (w/v), containing the phenoloxidase inhibitor phenylthiourea (PTU) (0.01 M). A separate group of larvae was incubated only with PTU. Treated and control larvae received food as described above. After incubation for 12 h, the midguts were dissected, and observed under the stereomicroscope.

### Histology analysis {#sec010}

Fixed midguts (of larvae from controls and treatment with the extract alone) were washed with distilled water, dehydrated in a graded series of ethanol (70--100%), and embedded in Historesin (Leica, Solms, Germany). Next, the material was cut into 3-μm sections, stained with toluidine blue, and mounted in Eukitt medium (Fluka, USA). The stained midguts were observed under an optical microscope (Olympus BX60, Olympus America, Inc., NY, USA) and photographed using a digital camera.

### Transmission electron microscopy {#sec011}

Fixed midgut fragments were washed in cacodylate buffer and post-fixed in 1% osmium tetroxide for 2 h in the dark. Following post-fixation, the material was washed twice with 0.1 M phosphate-buffered saline (PBS), dehydrated in an increasing series of ethanol concentrations (70--100%), and pre-infiltrated in a LR white resin solution and 100% ethanol (2:1) for 1 h. The samples were then embedded in pure resin and maintained at 25°C for 16 h, followed by polymerization in gelatin capsules (Electron Microscopy Sciences) at 60°C for 24 h. Ultrathin sections were placed on copper grids and incubated for 20 min in 1% aqueous uranyl acetate and lead citrate. The samples were observed and photographed using a Zeiss EM 109 microscope (Carl Zeiss AG, Oberkochen, Germany).

### Fluorescence microscopy {#sec012}

The nuclei of cells from the fixed midgut were stained with diamidino-2-phenylindole (DAPI; Biotium, USA) for 30 min. The midguts were mounted on slides using Mowiol antifading solution (Sigma-Aldrich, MO, USA) and analyzed in an epifluorescence microscope Olympus BX-60 coupled to the capture system Olympus Q-Color 3 (Olympus America, Inc., NY, USA). Six areas of each region (anterior and posterior) of the midgut were randomly photographed with a 40× objective lens (total area = 0.414 mm^2^) \[[@pone.0126612.ref038]\]. The number of digestive cells (larger nuclei and present at the apical region of digestive epithelium) and regenerative cells (small nuclei and found at the basal region of epithelium) in the midgut were counted as described elsewhere \[[@pone.0126612.ref019]\], \[[@pone.0126612.ref020]\].

Enteroendocrine cells were identified by labeling the peptide FMRFamide \[[@pone.0126612.ref020]\], which is usually abundant in endocrine cells of the digestive tract in insects. Fixed midguts were washed three times for 30 min with PBST (phosphate buffered saline with 0.05% Tween---Sigma-Aldrich, USA), and then incubated for 24 h at 4°C with a solution of anti-FMRFamide primary antibody (Peninsula Lab, UK) prepared (1:400) in 1% PBST. After washing with PBS three times (5 min each), the midguts were incubated with a secondary antibody conjugated with fluorescein isothiocyanate (FITC) (Sigma-Aldrich, USA) for 24 h at 4°C. The midguts were washed three times with PBS, mounted using Mowiol solution, and observed under the epifluorescence microscope for counting of enteroendocrine cells.

Proliferating cells in the midgut were investigated by *in situ* labeling of the mitosis marker phospho-histone H3 \[[@pone.0126612.ref039]\]. Fixed guts were incubated for 24 h at 4°C with the primary antibody anti-phospho-histone H3 (Cell Signaling, USA) prepared (1:100) in PBS with 1% Tween (PBST). Samples were washed three times with PBS and incubated for 24 h at 4°C with the FITC-conjugated secondary antibody (Sigma-Aldrich, USA) diluted (1:500) in PBS. After three 10-min washing steps with PBS, the slides were mounted using Mowiol solution, analyzed, and photographed in a Zeiss LSM 510 confocal microscope (Carl Zeiss AG, Oberkochen, Germany). Positive cells were counted along the entire midgut.

DNA fragmentation was identified *in situ* using the Cell Death Detection kit, Fluorescein (TUNEL reaction), from Roche (Basel, Sweden). Fixed midguts were treated with proteinase K (Sigma-Aldrich, USA) at 10--20 μg/mL, in 10 mM Tris-HCl, pH 7.4, for 60 min at 37°C. Next, they were washed with PBS and incubated for 60 min with TUNEL solution at 37°C. The slides were then mounted and analyzed as described above.

Separation of secondary metabolites, lectin isolation and bioassays {#sec013}
-------------------------------------------------------------------

Secondary metabolites in the leaf extract were semi-purified by solid phase extraction (SPE) on a 24-port vacuum manifold (Supelco, PA, USA). The SPE cartridges, Chromabond C18 (500 mg/3 mL) from Macherey-Nagel (Düren, Germany), were preconditioned with 1 mL of methanol and equilibrated with 3 mL of 0.1 M Tris-HCl pH 9.0. The extract was dissolved in Tris buffer to 25 mg/mL and filtered through a 0.45 μm syringe filter. Then, 1 mL of the extract solution was loaded into the cartridge, which was washed with Tris buffer for the elution of the cinnamic acid derivatives (fraction 1, F1). Flavonoids were then eluted with 2 mL of methanol (fraction 2, F2), and hydrolysable tannins were eluted with 2 mL of 1:1 (v/v) methanol-acetic acid (fraction 3, F3). F1 was dialyzed for removal of Tris molecules. After evaporation of the solvents, the fractions were once again submitted to phytochemical screening by TLC as described above.

The *S*. *terebinthifolius* leaf lectin (SteLL) was isolated from leaf extract according to the procedure described by Gomes, et al. \[[@pone.0126612.ref028]\]. The extract was loaded onto a chitin (Sigma-Aldrich, MO, USA) column (7.5×1.5 cm) equilibrated with 0.15 NaCl at a flow rate of 20 mL/h. The unadsorbed material was removed with equilibrating solution after absorbance at 280 nm was lower than 0.020. Next, SteLL was eluted from the column with 1.0 M acetic acid. The isolated lectin was then dialyzed in a 10-kDa cut-off membrane (Sigma-Aldrich, MO, USA) against distilled water (4 h) and evaluated for hemagglutinating activity and protein concentration.

Larvicidal assays with F1, F2 and F3 (1.0% w/v, dissolved in distilled water) and SteLL (0.05--1.0 mg/mL, in water) were performed as described above, with food addition. The number of live and dead larvae, pupae, and adults was counted daily until the 8^th^ day.

Environmental toxicity assay using *Artemia salina* {#sec014}
---------------------------------------------------

*A*. *salina* eggs were acquired from local pet shops. The eggs were incubated at 27±2°C in natural seawater with pH adjusted to 8.0. After 24 h, the hatched nauplii were collected and used in bioassays. Groups of 12--15 larvae were exposed to 5-mL solutions of leaf extract (0.125--1.0%), F1 (1.0%, w/v) or F2 (1.0%, w/v) diluted in natural seawater and, after 24 h, the survival rates (%) were recorded \[[@pone.0126612.ref040]\]. In the control group, larvae were incubated in seawater. Three independent experiments were performed in triplicate.

Statistical analysis {#sec015}
--------------------

Standard deviations (SD) were calculated using GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego, California, USA), and the data were expressed as replicate means ± SD. The lethal concentrations required for killing 50% of *A*. *aegypti* larvae (LC~50~) after 3 and 8 days were calculated by probit analysis with a reliability interval of 95% using the StatPlus 2006 software (AnalystSoft, Canada). The results from midgut cell counting were submitted to variance analysis (ANOVA) when distribution was considered normal or to Kruskal-Wallis's test in cases with non-normal distribution.

Results {#sec016}
=======

Phytochemical screening of leaf extract revealed the presence of polymeric proanthocyanidins, heterosids and aglycone flavonoids, hydrolysable tannins, and mainly cinnamic acid derivatives. Trace amounts of steroids were also detected, as well as lectin (specific hemagglutinating activity of 81). No microbial growth, including bacteria and yeasts, was observed in the leaf extract smeared on plates with the culture media.

After 24 h, mortality rates of unfed larvae at concentrations from 0.5% to 1.35% ranged between 3.3% and 25%, while in concentrations below 0.5% and in the control there was no mortality ([Table 2](#pone.0126612.t002){ref-type="table"}). Interestingly, in all treatments with extract, there were larvae that eliminated the gut content, which was enclosed in the peritrophic matrix ([Fig 1A](#pone.0126612.g001){ref-type="fig"}). All the larvae exposed to highest extract concentrations showed this reaction ([Table 2](#pone.0126612.t002){ref-type="table"}).

![*Aedes aegypti* L~4~ larvae incubated for 12 h with *Schinus terebinthifolius* leaf extract (1.0%, w/v).\
(A) Larva eliminating the gut content covered by the peritrophic matrix. (B) Shrunken and pigmented midgut dissected from a larva incubated with the leaf extract. (C) Midgut dissected from a control larvae, after removal of gut content and peritrophic matrix, without apparent alterations. (D) Midgut dissected from a larva incubated with the leaf extract containing the 0.01 M phenylthiourea (PTU), a phenoloxidase inhibitor. (E) Midgut dissected from a larva incubated with 0.01 M PTU.](pone.0126612.g001){#pone.0126612.g001}

10.1371/journal.pone.0126612.t002

###### Acute effects of *Schinus terebinthifolius* leaf extract on *Aedes aegypti* larvae after 24 h, in bioassays performed adding or not food in the start of experiment.

![](pone.0126612.t002){#pone.0126612.t002g}

  Concentration (%)   Mortality rate (%)   Larvae that eliminated gut content (%)                  
  ------------------- -------------------- ---------------------------------------- -------------- -----------------
  **0.3**             0.0 a                0.0 a                                    5.0 ± 0.0 a    6.7 ± 2.8 a
  **0.4**             0.0 a                0.0 a                                    10.0 ± 5.0 b   11.7 ± 2.8 b
  **0.5**             3.3 ± 2.8 b          0.0 a \#                                 15.0 ± 0.0 c   18.3 ± 2.8 c
  **0.75**            8.3 ± 2.8 c          0.0 a \#                                 40.0 ± 0.0 d   35.0 ± 0.0 d \#
  **1.2**             21.6 ± 2.8 d         5.3 ± 0.2 b \#                           100 e          100 e
  **1.35**            25.0 ± 0.0 e         30.0 ± 0.0 c \#                          100 e          100 e
  **Control**         0.0 a                0.0 a                                    0.0 f          0.0 f

Different letters at the same column indicate significant differences (p\<0.05) between control and the treatments at different concentrations. The symbol \# indicates significant difference (p\<0.05) between the value in assay with food addition and that obtained in assay without food addition.

The LC~50~ values of 1.05% and 0.62% were determined for unfed larvae after 3 and 8 days, respectively, with no mortality in the control during these periods. At the 8^th^ day, the number of individuals at pupa stage was significantly higher (p \< 0.05) in the control than in all other treatments while the number of emerged adults was similar to the control (p \> 0.05) only in the treatments at concentrations of 0.3% and 0.4% ([Table 3](#pone.0126612.t003){ref-type="table"}). In the bioassays at the concentrations of 1.2% and 1.35%, all the individuals died at the larval or pupal stages.

10.1371/journal.pone.0126612.t003

###### Mortality and life stages reached after 8 days by *A*. *aegypti* individuals incubated with *S*. *terebinthifolius* from the fourth larval stage.

![](pone.0126612.t003){#pone.0126612.t003g}

  Treatment / Concentration   Life stage                                                              
  --------------------------- ------------------ ----------------- ----------------- ---------------- -----------------
  **Without food**                                                                                    
  **Control**                 71.6 ± 2.8 a       0.0 a             16.7 ± 2.8 a      0.0 a            11.7 ± 2.8 a
  **0.3%**                    73.3 ± 2.8 a       10.3 ± 0.6 b      3.3 ± 2.8 b       0.0 a            13.0 ± 2.6 a
  **0.4%**                    66.7 ± 2.8 a       16.7 ± 2.8 c      3.3 ± 2.8 b       0.0 a            13.3 ± 2.8 a
  **0.5%**                    71.6 ± 2.8 a       20.0 ± 5.0 c      3.3 ± 2.8 b       0.0 a            5.0 ± 0.0 b
  **0.75%**                   13.3 ± 2.8 b       83.3 ± 2.8 d      0.0 c             0.0 a            3.3 ± 2.8 c
  **1.2%**                    0.0 c              98.3 ± 2.8 e      0.0 c             1.6 ± 2.8 b      0.0 d
  **1.35%**                   0.0 c              100 f             0.0 c             0.0 a            0.0d
  **With food**                                                                                       
  **Control**                 28.3 ± 2.8 a \#    0.0 a             10.0 ± 0.0 a \#   0.0 a            61.7 ± 2.8 a \#
  **0.3%**                    70.0 ± 0.0 b       0.0 a \#          5.0 ± 0.0 b       0.0 a            25.0 ± 0.0 b \#
  **0.4%**                    85.0 ± 0.0 c \#    10.0 ± 0.0 b \#   0.0 c \#          0.0 a            5.0 ± 0.0 c \#
  **0.5%**                    73.3 ± 2.8 d       26.7 ± 2.8 c      0.0 c \#          0.0 a            0.0 d \#
  **0.75%**                   68.3 ± 2.8 bd \#   31.6 ± 2.8 c \#   0.0 c             0.0 a            0.0 d \#
  **1.2%**                    58.3 ± 2.8 e \#    41.6 ± 2.8 d \#   0.0 c             0.0 a \#         0.0 d
  **1.35%**                   0.0 f              98.3 ± 2.8 e      0.0 c             1.7 ± 2.8 b \#   0.0 d

Different letters at the same column indicate significant differences (p\<0.05) between control and the treatments at different concentrations. The symbol \# indicates significant difference (p\<0.05) between the value in assay with food addition and that obtained in assay without food addition.

For fed larvae, *S*. *terebinthifolius* leaf extract had somewhat distinct effects on mosquito survival. [Table 2](#pone.0126612.t002){ref-type="table"} shows that there was no mortality after 24 h using the extract at 0.3--0.75% concentrations, and the mortality rate at 1.2% was much lower than when food was unavailable. On the other hand, the number of dead larvae at the concentration of 1.35% was similar in bioassays with unfed and fed larvae. The estimated LC~50~ for 3 (1.3%) and 8 (1.03%) days were higher than those for bioassays without food. After 24 h, the fed and treated larvae also eliminated the contents of the gut, in numbers similar to those in assays of unfed larvae ([Table 2](#pone.0126612.t002){ref-type="table"}).

The leaf extract clearly led to disruptions in development of *A*. *aegypti* in the assay with fed larvae ([Table 3](#pone.0126612.t003){ref-type="table"}). By the 8^th^ day, most of the individuals (61.7%) had emerged as adults in the control, while in the treatments with extract at 0.3% and 0.4%, this number was 25.0 and 5.0%, respectively, and there was no emergence of adults in bioassays at any of the other concentrations.

Larvae from PPCampos strain were treated with the leaf extract at 1.0% (w/v) and the mortality rate was similar to that detected for Rockefeller larvae; also, the PPCampos larvae (100%) eliminated the gut content. [Fig 1B](#pone.0126612.g001){ref-type="fig"} shows a shrunken and dark midgut dissected from a fed larva incubated (12 h) with the extract (1.0%). The midgut darkening was still observed after larvae incubation with the leaf extract (1.0%) containing 0.01 M PTU ([Fig 1D](#pone.0126612.g001){ref-type="fig"}). The midgut of larvae incubated only with PTU ([Fig 1E](#pone.0126612.g001){ref-type="fig"}) was similar to that of control ([Fig 1C](#pone.0126612.g001){ref-type="fig"}) (i.e., without the extract and/or PTU).

Histology analysis revealed that the midgut epithelium of fed larvae incubated with the extract had remarkable disorganization in comparison to the control, with several spaces between cells and the presence of tissue/cell debris in the luminal space (Fig [2A](#pone.0126612.g002){ref-type="fig"} and [2B](#pone.0126612.g002){ref-type="fig"}). A thin peritrophic matrix can still be seen in the midgut of exposed larvae. Deformations and hypertrophy of epithelial cells were also observed, as well as the presence of structures resembling vacuoles ([Fig 2D](#pone.0126612.g002){ref-type="fig"}). Ultrastructural analysis by transmission electron microscopy displayed drastic cell disruption in the midgut. Digestive cells from larvae treated with leaf extract showed disrupted microvilli, cytoplasm electron-lucent, and vacuolated cytoplasm ([Fig 3](#pone.0126612.g003){ref-type="fig"}).

![Toluidine Blue stained histological sections of the midgut of *Aedes aegypti* L4 from control (A) and incubated for 12 h with the *Schinus terebinthifolius* leaf extract (B).\
Midgut from control larva (A) showed a single-layered epithelium (ep) comprised of digestive (dc) and regenerative cells (rc) with preserved morphology (C). L, midgut lumen; m, muscle; n, digestive cell nuclei. Midgut from treated larva (B) showed intense disorganization of the epithelial layer (ep) with several spaces between cells (\*) and some hypertrophied digestive cells (dc). Tissue/cell debris (arrowhead) is seen in the midgut lumen. m, muscle; n, digestive cell nucleus; pm, peritrophic matrix. Details of columnar digestive cells for control (C) and treated (D) larvae. Structure resembling vacuoles (v) are seen in D. n, cell nucleus; N, nucleolus; B, brush border.](pone.0126612.g002){#pone.0126612.g002}

![Electron micrographs of the midguts of *Aedes aegypti* L4 from control and those treated with *Schinus terebinthifolius* leaf extract at 1.0% (w/v).\
Mitochondria (arrowheads); microvilli (m); electron-lucent vacuoles (V); endoplasmic reticulum (ER); nucleus (n).](pone.0126612.g003){#pone.0126612.g003}

Cell nuclei from the midgut were intensely stained with DAPI in the control treatments, but only weakly stained nuclei could be seen in midgut of treated larvae ([Fig 4A](#pone.0126612.g004){ref-type="fig"}). In addition, enteroendocrine (FMRF-immunoreactive) cells were seen in the midgut of control larvae, but they were rarely seen in the midgut of treated individuals ([Fig 4B](#pone.0126612.g004){ref-type="fig"}). The numbers of digestive, regenerative, and enteroendocrine cells counted in the midgut of treated larvae were remarkably lower than that in the control ([Fig 5A](#pone.0126612.g005){ref-type="fig"}).

![Midgut of *Aedes aegypti* L4 incubated for 12 h with distilled water (control) and *Schinus terebinthifolius* leaf extract at 1.0% (w/v).\
(A) Total mounting of larvae midgut stained with DAPI (blue) and displaying the nuclei of digestive (arrow) and regenerative (arrowhead) cells. (B) Staining of enteroendocrine (FMRF-imunorreactive) cells at the posterior region of midgut.](pone.0126612.g004){#pone.0126612.g004}

![Number of different cell types in the midgut of *Aedes aegypti* L~4~ from control and those incubated for 12 h with the *Schinus terebinthifolius* leaf extract (1.0%, w/v).\
(A) Digestive, regenerative, and enteroendocrine cells from the midgut epithelium were counted under the fluorescence microscope. (B) Number of proliferating regenerative cells or cells with nuclear DNA damage (TUNEL positive) in the midgut epithelium were determined by fluorescence microscopy. (\*) indicates significant difference (p \< 0.05) in comparison to the control.](pone.0126612.g005){#pone.0126612.g005}

Many proliferating cells (phosphohistone H3-positive) were seen in the midgut of the control larvae but they were scarce in the midgut of treated larvae (Figs [5B](#pone.0126612.g005){ref-type="fig"} and [6A](#pone.0126612.g006){ref-type="fig"}). In addition, DNA fragmentation was detected by the TUNEL reaction in the midgut of larvae exposed to the leaf extract at much higher levels than in the control (Figs [5B](#pone.0126612.g005){ref-type="fig"} and [6B](#pone.0126612.g006){ref-type="fig"}).

![Proliferating regenerative cells or cells with nuclear DNA damage in the midgut of *Aedes aegypti* L~4~ incubated for 12 h with distilled water (control) and *Schinus terebinthifolius* leaf extract at 1.0% (w/v).\
(A) Nuclei of proliferating (phosphohistone H3-positive) regenerative cells (arrow) at the posterior region of the midgut. (B) Nuclei of digestive and regenerative cells positive for DNA damage/fragmentation (arrowhead).](pone.0126612.g006){#pone.0126612.g006}

After the phytochemical screening, the leaf extract was semi-purified by SPE for separation of the main classes of secondary metabolites. The TLC revealed that F1 contained only cinnamic acid derivatives, F2 contained flavonoids and traces of cinnamic acid derivatives, and F3 contained hydrolysable tannins. Polymeric proanthocyanidins irreversibly bound the cartridge matrix and could not be recovered.

[Table 4](#pone.0126612.t004){ref-type="table"} shows the effects of F1, F2, and F3 treatments on *A*. *aegypti* larvae. The gut content elimination was detected 24 h after F1 incubation, while larval death was detected 24 h after F2 incubation. Three days after F1 or F2 incubations, the mortality rates were significantly higher (p \< 0.05) than in the control. F1 killed 100% of the larvae 3 days after incubation, while F2 killed 66.7% of the larvae 8 days after incubation. No individual pupated after F2 incubation, while in the control individuals became adults. F3 incubation did not affect survival and development of larvae.

10.1371/journal.pone.0126612.t004

###### *Aedes aegypti* L4 mortality rates after incubation with fractions (F1, F2, and F3) obtained after the separation of secondary metabolites from *Schinus terebinthifolius* leaf extract.

![](pone.0126612.t004){#pone.0126612.t004g}

  Parameter                                    Sample                                       
  -------------------------------------------- -------------- -------------- -------------- --------------
  **Mortality rate (%)**                                                                    
  24 hours                                     0.0 a          10.0 ± 0.0 b   0.0 a          0.0 a
  3 days                                       100.0 a        33.3 ± 5.7 b   6.7 ± 2.8 c    3.3 ± 2.8 c
  8 days                                       100.0 a        66.7 ± 2.8 b   6.7 ± 2.8 c    3.3 ± 2.8 c
  **Pupation (%)**                             0.0 a          0.0 a          11.6 ± 5.7 b   10.0 ± 0.0 b
  **Adult emergence (%)**                      0.0 a          0.0 a          58.3 ± 5.7 b   68.3 ± 7.6 b
  **Larvae that eliminated gut content (%)**   30.0 ± 5.0 a   0.0 b          0.0 b          0.0 b

F1: fraction eluted with Tris buffer, containing cinnamic acid derivatives. F2: fraction eluted with methanol, containing flavonoids and traces of cinnamic acid derivatives. F3: fraction eluted with methanol-acetic acid, containing hydrolysable tannins. Elimination of gut content was evaluated with 24 h of experiment. Pupation and adult emergence rates were calculated 8 days after larval incubation. Different letters at the same line indicate significant differences (p\<0.05) between the treatments.

The lectin SteLL isolated from the leaf extract had a specific hemagglutinating activity of 27,334, and a purification fold of 337 compared to the extract. However, SteLL did not kill or affect the development of *A*. *aegypti* larvae at any tested concentration, and also did not induce elimination of the gut content by the larvae.

*S*. *terebinthifolius* leaf extract killed 100% of *A*. *salina* nauplii at all tested concentrations (0.125--1.0%), indicating that the leaf extract is potentially toxic to the environment at the concentrations that kill *A*. *aegypti* larvae. F1 and F2 at 1.0% (w/v) killed 73.3±5.8% and 13.3±5.8% of *A*. *salina* nauplii, respectively.

Discussion {#sec017}
==========

Integrated pest management has been considered an advance because it relies on a combination of common-sense practices and the most cost-effective methods for control of pests with the least possible hazard to people and the environment. The low cost and high efficacy make plant extracts an interesting possibility in integrated pest management programs \[[@pone.0126612.ref041]\]. Studies on the effects of essential oils from *S*. *terebinthifolius* fruits on mosquito larvae were performed with promising results, indicating the presence of larvicidal compounds in this plant \[[@pone.0126612.ref030]\], \[[@pone.0126612.ref042]\]. In this work, we evaluated a saline extract from *S*. *terebinthifolius* leaves for the presence of larvicidal agents with polar feature, and thus more advantageous than other insecticides with low solubility in aqueous systems.

After 12-h incubation, the *S*. *terebinthifolius* leaf extract induced acute reactions in *A*. *aegypti* larvae, being the most evident the elimination of the gut content and the darkening of the midgut. The elimination of the gut content enclosed in the peritrophic matrix indicated that the leaf extract interfered with food passage along the digestive tract, and suggests that the presence of the extract in the larval environment disturbed the structural organization of the midgut. Expelling gut contents has been reported as a defense mechanism of mosquito larvae aiming to excrete unabsorbed harmful compounds, such as DDT and some plant-derived insecticides \[[@pone.0126612.ref043]\], \[[@pone.0126612.ref044]\]. However, attempts of larvae to eliminate the harmful components of *S*. *terebinthifolius* leaf extract were not enough to prevent deleterious effects, since it chronically reduced larval survival, and interfered with development, even at concentrations lower than LC~50~. It is plausible that some of the toxic compounds from the extract remained inside the larvae midgut or may have been absorbed leading to mortality. In addition, there was a considerable loss of nutrients when the larvae expelled the gut content, which may also be linked to mortality.

Metamorphosis of the unfed individuals may have been prevented by food limitation in the experimental conditions since it has been shown that *A*. *aegypti* larvae will inhibit pupation if sufficient resources are unavailable \[[@pone.0126612.ref045]\]. Indeed, the pupation rate in the control was also very low. Therefore, in order to investigate if development was damaged mainly due to effects of the extract or to food restrictions, we performed the bioassays with the addition of food.

Treated fed larvae also eliminated the gut content after 24 h, but larval death was delayed in comparison with unfed larvae. This result may be ascribed to the availability of food resources that helped the larvae to compensate for part of the nutrient losses with the expulsion of the gut content. In spite of the delay of death in fed larvae, chronic disruption in development was evident, indicating that the extract was able to exert its deleterious effects even when food is provided. Thus, *S*. *terebinthifolius* leaf extract is clearly able to impair larval development even when there is no restriction in food availability.

The darkening of the midgut and hindgut, as well as of their contents, may have many reasons, and results from a number of mechanisms, including melanization due to activation of phenoloxidase cascade \[[@pone.0126612.ref046]\]. In turn, this activation can be due to several factors such as microbial infection, presence of components of cell walls from microorganisms and algae, parasitoids, action of proteolytic enzymes and tissue damage \[[@pone.0126612.ref047]\], \[[@pone.0126612.ref048]\], \[[@pone.0126612.ref049]\]. To verify if the darkening of the midgut of mosquito larvae incubated with the leaf extract was due to melanization, we added phenylthiourea (PTU, a strong phenoloxidase inhibitor) to the *S*. *terebinthifolius* leaf extract. The results showed that the strong pigmentation of larval midgut was still observed even in the presence of PTU, indicating that the midgut darkening was not related to melanization or resulted from other mechanisms, such as tissue injuries caused by the extract, or due to the accumulation of leaf extract into the larval midgut.

The absence of bacteria and yeasts in the leaf extract reveals that there were no microorganisms being introduced in the larval environment together with the extract, and thus there would be no elicitation of midgut melanization after incubation with the extract. In addition, the larval death could not be related to the presence of toxins released by microorganisms in the extract, but due to extract components solely.

Other plant-derived insecticides have shown deleterious effects in the midgut of mosquitoes, similar to the *S*. *terebinthifolius* leaf extract. For example, vacuolization and cell hypertrophy were caused by the ethanolic extract from *Magonia pubescens* bark \[[@pone.0126612.ref050]\], the methanolic extract from *Derris urucu* root \[[@pone.0126612.ref044]\], and an acetogenin from *Annona squamosa* \[[@pone.0126612.ref051]\] in the midgut of *A*. *aegypti*. Vacuolization, microvilli damage as well as cell lysis and death were reported as some of the effects of *Melia azedarach* extract on the midgut of *Culex quinquefasciatus* larvae \[[@pone.0126612.ref041]\]. The alkaloid pellitorine caused degeneration of epithelial cells at the anterior and posterior midgut regions of *A*. *aegypti* larvae, affecting the ability to osmoregulate, as well as damaged the gastric caeca, including cells important in ion transport \[[@pone.0126612.ref052]\].

The damage to digestive cells in the midgut of *A*. *aegypti* larvae caused by the *S*. *terebinthifolius* leaf extract may have impaired digestive and absorption processes in the larval midgut, compromising survival, and disrupting larval mosquito development. The regenerative cells play an important role in development since they start their division in the last larval instar and finish in the early pupal stage, resulting in renewing of intestinal epithelium, an essential step in metamorphosis \[[@pone.0126612.ref053]\]. Once regenerative cell division was reduced in treated larvae, it prevented transformation of the midgut, and organ remodeling during pupation.

Damage to enteroendocrine cells have the potential to disrupt homeostasis throughout the larval body, since these cells have been reported to release peptides, monoamines, and other substances that supposedly have paracrine effects on regenerative cells and enzyme production by digestive cells \[[@pone.0126612.ref054]\].

Results from TUNEL assay revealed that components of *S*. *terebinthifolius* leaf extrac caused cleavage of DNA in the midgut cells. This can result from activation of apoptotic, necrotic, and autolysis processes or severe DNA damage caused by the extract \[[@pone.0126612.ref055]\].

In summary, the *S*. *terebinthifolius* leaf extract promoted larval mortality probably due to: 1) induction of acute reaction by larvae, which expelled the gut contents resulting in lost food nutrients; 2) blocking of digestion and absorption of nutrients due to cytotoxic effects on digestive cells and disruption of microvilli; 3) deregulation of digestion and secretion of substances either in the gut lumen or in the hemolymph due to impairment of enteroendocrine cells; and 4) disruption of gut homeostasis due to the partial detachment of the peritrophic matrix and extensive tissue disorganization in the midgut.

Secondary metabolites from leaf extract of *S*. *terebinthifolius* were semi-purified in order to check the deleterious effects of each class of secondary metabolites in *A*. *aegypti* larvae. The fraction containing cinnamic acid derivatives (F1) was able to kill all larvae in 3 days, while the fraction containing mainly flavonoids (F2) promoted high mortality after 8 days. These results indicate that the cinnamic acid derivates are the main responsible for the lethal effect, but the flavonoids are also larvicidal components of the extract.

Cinnamic acid derivatives and aglycone flavonoids have been previously reported to have insecticidal effects. Aglycone flavonoids, such as quercetin and kaempferol, were detected in larvicidal extracts from *Moringa oleifera* flowers \[[@pone.0126612.ref009]\] and *Gardenia ternifolia* aerial parts \[[@pone.0126612.ref056]\], and these flavonoids, when isolated, were able to inhibit the cytochrome P-450 dependent ecdysone 20-monooxygenase activity in *A*. *aegypti* \[[@pone.0126612.ref057]\]. Quercetin also negatively affected weight gain of *Bombyx mori* larvae, as well as induced detoxifying enzyme activity \[[@pone.0126612.ref058]\]. The toxicity of methanolic *D*. *urucu* root extract, which induced larvae to excrete feces and caused midgut damage, has been attributed to an isoflavonoid called rotenone \[[@pone.0126612.ref044]\]. The cinnamic acid derivatives, cinnamaldehyde and cinnamyl acetate, showed strong larvicidal properties against fourth-instar larvae of *A*. *aegypti* \[[@pone.0126612.ref059]\].

When mosquito larvae were incubated with F1, the gut content was also eliminated, suggesting the involvement of cinnamic acid derivatives in this phenomenon. However, the number of larvae with this phenotype was lower than in the set of larvae treated with the complete extract, indicating that not only cinnamic acid derivatives induce the elimination of the gut content, but also other extract components. The elimination of the gut content is probably a response to an overload of foreign and potentially toxic compounds in the gut lumen, as discussed above. Indeed, some compounds that are low active or inactive when isolated may cause strong effects when in combination with other active principles \[[@pone.0126612.ref060]\].

The leaf extract used here was prepared using the same procedure described by Gomes, et al. \[[@pone.0126612.ref028]\] for obtaining crude extract from which the lectin SteLL was isolated. Since lectins have been reported as larvicidal agents against *A*. *aegypti* \[[@pone.0126612.ref034]\], \[[@pone.0126612.ref061]\], \[[@pone.0126612.ref062]\], \[[@pone.0126612.ref063]\], we hypothesized that SteLL could be involved in the deleterious effects of *S*. *terebinthifolius* leaf extract on larvae. However, SteLL did not kill the larvae or induce gut content elimination, which suggests that it is not a component of the larvicidal property of the extract, or is not effective when separated of other extract components. This is reinforced by the very high purification fold of the sample tested, which indicates that lectin molecules were more concentrated in SteLL than in the extract, and thus, larvae should be affected if the lectin was involved in the deleterious effects of *S*. *terebinthifolius* leaf extract.

Plant compounds are usually less hazardous to the environment than synthetic insecticides, but this does not exclude the possibility that a natural insecticide could be harmful to non-target organisms. Thus, we evaluated the environmental toxicity of *S*. *terebinthifolius* leaf extract by determining its potential in promoting death of *A*. *salina* nauplii. The extract and F1 were toxic to *A*. *salina* nauplii, while F2 showed low toxicity n this species. These findings revealed that although the cinnamic acid derivatives have had a faster larvicidal effect than the flavonoids, these last would be a better alternative from an environmental standpoint. The extract and preparations containing the cinnamic acid derivatives can be effectively used, for example, in flowerpot plates, gully traps, the collar of toilet bowls, roof gutters, scupper drains, air-conditioner trays, old tires, and bottles, among others. However, use in domestic containers for storage of water intended for human and animal consumption, such as water tanks, aquariums, and fountains should not currently be considered safe.

Conclusions {#sec018}
===========

*S*. *terebinthifolius* leaf extract showed larvicidal activity on *A*. *aegypti* as well as interfered with development from pupal to adult stages. These effects are linked to damage of digestive, enteroendocrine, and regenerative cells in midgut of the larvae, as well as induction of structural disorganization of the gut and elimination of the gut content. Caution is required in the use of the extract as a larvicide against *A*. *aegypti* due to the toxic effects detected in the *A*. *salina* assay. Cinnamic acid derivatives and flavonoids are responsible for larvicidal effect of the extract. The cinnamic acid derivatives killed individuals in a shorter time but were toxic to *A*. *salina*, while the flavonoids, although effective in a longer period, were exempt from toxicity to this microcrustacean. On the other hand, the lectin (SteLL) seems not to be involved in the *A*. *aegypti* larvae damage.
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